The paper presents a study dedicated to analyzing the sensitivity of structures with open contours to cracks. For this purpose, we analyze the particular case of the I-beam made by welding, for which we want to see how the frequencies of different modes of vibration change when a crack occurs in the weld joint between the web and the flange. The research is done using numerical simulations performed with the ANSYS program, from which the natural frequencies are obtained depending on the depth and extent of the crack. A large number of vibration modes and two types of boundary conditions are taken into account. We found that the frequency changes are small but still detectable and depend on the beam fixation mode. This makes it possible to detect cracks in the weld joint if the vibration modes where the decrease in frequency is significant are analyzed.
Introduction
Monitoring the integrity of structures is a constant concern of researchers and practitioners for several decades. In most cases, global control methods are used, which are based on the analysis of the vibration signals of the monitored structure. The parameters that are monitored and which provide information about the integrity of the structure are the natural frequencies, mode shapes and curvatures, and less often modal damping. Damage detection techniques that use these modal parameters are available [1] [2] [3] [4] [5] . There are also techniques that consider the axial forces manifested in the beam that appear due to environmental conditions [6] or operational loads [7] [8] [9] . All the methods that use the vibrations are based on the deterministic link between the changes of the beam geometry and its modal parameters. Mathematical relationships that formalize this link are presented in the literature for a single [10] [11] [12] or multiple cracks [13, 14] .
Although open cross-section beams are often used in engineering structures, there are few studies that address the detection of cracks by vibration analysis for these types of structural elements, see for instance [15] . The intention of the authors is to investigate the behavior of I-beams with longitudinal cracks by involving numerical methods since these have been proved as reliable and versatile [16] . In addition, these methods can highlight the small frequency changes that are expected, and which are difficult to be observed in the initial stage of research by experiments. However, we have developed methods to increase the accuracy of frequency estimation [17] [18] [19] and the procedures to compare the modal parameters in the healthy and damaged state [20] , so that we appreciate that in a mature stage the method to detect longitudinal cracks in weld joints of the I-beams will work efficiently.
Materials and methods
The research focuses on finding the effect of a longitudinal crack on the natural frequencies of I-beams. To this aim, a steel beam with three different boundary conditions is taken into account in this study. It has the geometrical dimensions are indicated in Fig. 1 . In case 2, for simplicity and without losing on information, we consider just the upper half of the I-beam.
The crack extends along the beam in longitudinal direction and is located in the corner weld joint between the flange and the web of the beam as presented in Fig. 3 . We consider 5 crack scenarios and study the effect of the different crack depths, starting with the crack depth = 1 mm and further increasing it with a step of 1 mm until it reaches the depth = 5 mm. The crack starts always from the exterior web surface of the I-beam, as illustrated in Fig. 3 .
In order to obtain the natural frequencies of the healthy and damaged structure, a modal study has been carried out. The boundary conditions for the I-beam are imposed by applying the fixed support constraint as indicated in Fig. 2 , first at the flange and secondly on the cross-section located at the mid of the web.
The intact beam was meshed by using hexahedral elements of 5 mm size, see Fig. 4(a) . It results a model with 113936 elements and 623810 nodes. For the beam with a crack, illustrated in Fig. 4(b) , the resulted mesh is even finer because the elements are deformed in the interface between the intact beam and damage boundary.
The dynamic behavior of the I-beam was studied by means of the ANSYS software. For the healthy beam and the beam with cracks of different depths we perform a modal analysis and determine the natural frequencies and mode shapes for the first thirteen vibration modes. The aim is to find if a sufficient frequency drop is obtained in order to indicate the crack and in which modes the biggest drop is obtained and qualify for the structural health monitoring. a) b) Fig. 4 . A zoom on the left beam end for the intact beam a) and the damaged beam b), highlighting the prismatic element's distribution
Results and discussions
The simulation results presented in this section are processed in order to become relevant. This means we had to check the similarity of the vibration modes because the software assigns mode numbers according to the natural frequencies in ascending order, which is unsuitable for this analysis. Therefore, we checked the shape for each vibration mode and reordered these to ensure coherence. The frequencies acquired for the healthy beam and the beam with cracks are presented in Table 1 for the I-beam fixed at the flange and in Table 2 for the I-beam fixed at the mid of the web. We observe from Table 1 that the first three and several superior modes are less sensitive to crack, while others attain big frequency drops even for a small crack depth. These latter vibration modes belong to the group characterized by the displacement of the flange and can be best used for structural health monitoring. The most relevant are modes five, six respectively twelve and thirteen, which all attain a bigger frequency decrease that 20 Hz for the longitudinal crack with depth = 5 mm. In the mode thirteen the frequency decrease is 5 Hz even for the crack depth = 1 mm, which is easily measurable. The results presented in Table 2 lead to a different conclusion. We observe that here just the first three vibration modes are less sensitive to crack, while all superior modes attain big frequency drops. Therefore, all superior modes are qualified for structural health monitoring.
A comprehensive view on the normalized natural frequency evolution with the crack depth is presented in Fig. 5 . The normalization is obtained by dividing the frequencies for the damaged beams with the frequency of the undamaged beam for the corresponding mode, see for instance reference [6] . One can observe a quite similar evolution, the difference consisting of the level of the frequency drop. Fig. 6 shows the normalized frequency evolution with the mode number for the I-beam with fixed flange and the mid of the web, respectively. This figure shows once again the mode shapes for which a relevant frequency drop due to the crack is obtained. Because the fixing conditions can be more conveniently ensured at the flange, and the beam suffers frequency drops big enough to be read easily, we propose this approach for damage detection. Fig. 7 illustrates six typical vibration mods with the beam fixed at the flange. In the figure the positions were the accelerometers should be located for best frequency readability is indicated by red arrows. It can be observed that the beam end is ideal to this aim and permits capturing signals with high amplitude for all considered modes. Obviously, depending on the vibration mode, some other locations are also available. The results of this study permit concluding the cracks in I-beams can be detected by vibration-based damage detection methods. 
Conclusions
This paper presents a study made to find out if longitudinal crack occurring in the weld joint between the flange and the web of an I-beam are detectable by vibration-based damage detection methods. We found that, for longitudinal cracks with a big extend, the frequencies of the higher-order modes suffer important drops. These changes being around 20 Hz for the structure considered in this study that are easily measurable, we conclude that the damage can be precisely evaluated even for small crack depths. From the two applied fixing conditions we also found that the rigid the web, the higher the frequency drop is.
Our next research will focus on a new fixing condition that makes the web and one flange extremely rigid, so that actually just one flange can vibrate. A second future research will consider internal cracks with short extent.
